Previous studies have narrowed the interval containing PSORS1, the psoriasis-susceptibility locus in the major histocompatibility complex (MHC), to an ∼300-kb region containing HLA-C and at least 10 other genes. In an effort to identify the PSORS1 gene, we cloned and completely sequenced this region from both chromosomes of five individuals. Two of the sequenced haplotypes were associated with psoriasis (risk), and the other eight were clearly unassociated (nonrisk). Comparison of sequence of the two risk haplotypes identified a 298-kb region of homology, extending from just telomeric of HLA-B to the HCG22 gene, which was flanked by clearly nonhomologous regions. Similar haplotypes cloned from unrelated individuals had nearly identical sequence. Combinatorial analysis of exonic variations in the known genes of the candidate interval revealed that HCG27, PSORS1C3, OTF3, TCF19, HCR, STG, and HCG22 bore no alleles unique to risk haplotypes among the 10 sequenced haplotypes. SPR1 and SEEK1 both had messenger RNA alleles specific to risk haplotypes, but only HLA-C and CDSN yielded protein alleles unique to risk. The risk alleles of HLA-C and CDSN (HLA-Cw6 and CDSN*TTC) were genotyped in 678 families with early-onset psoriasis; 620 of these families were also typed for 34 microsatellite markers spanning the PSORS1 interval. Recombinant haplotypes retaining HLA-Cw6 but lacking CDSN*TTC were significantly associated with psoriasis, whereas recombinants retaining CDSN*TTC but lacking HLA-Cw6 were not associated, despite good statistical power. By grouping recombinants with similar breakpoints, the most telomeric quarter of the 298-kb candidate interval could be excluded with high confidence. These results strongly suggest that HLA-Cw6 is the PSORS1 risk allele that confers susceptibility to early-onset psoriasis.
1
The cutaneous manifestations of psoriasis are unpleasant and obvious, with a negative impact on quality of life. 2 Moreover, up to 40% of psoriatics develop psoriatic arthritis; in 5% of psoriatics, the arthritis is severe and deforming. 3 The disease is characterized by marked hyperplasia and altered differentiation of the epidermis, greatly increased blood flow, leukocytic infiltration of the skin, and a poorly understood relationship with nervous-system function. 4 Many observations suggest that psoriasis is mediated by T cells with a Th1-dominated cytokine profile. 5 However, the root cause of psoriasis remains unknown.
Twin and family studies clearly demonstrate that psoriasis has a genetic basis and is multifactorial in most if not all cases. 6 However, despite numerous genetic linkage studies yielding at least 19 candidate loci, the identities of the genes involved remain unclear. 7 Nevertheless, there is general agreement that a major genetic determinant of psoriasis, designated "psoriasis susceptibility 1" (PSORS1 [MIM 177900]), resides in the major histocompatibility complex (MHC). 8 The existence of allelic associations between psoriasis and human leukocyte antigen (HLA) genes in the MHC has been appreciated for 130 years. 9 There are numerous reports of strong allelic associations with the gene encoding HLA class I antigen HLA-Cw6. 6 This association is particularly strong in patients with an early age at onset 10 and in patients with the guttate subtype of psoriasis. 11 These findings have led many researchers to suggest that HLA-Cw6 is the disease allele at PSORS1. This would be consonant with knowledge that MHC class I molecules play an important role in the function of CD8 ϩ T cells. 5 However, proof of this assertion is lacking. The major obstacle to confirming or refuting the role of HLA-Cw6 in psoriasis has been linkage disequilibrium (LD). The MHC is characterized by extensive and presumably selection-driven variation, as well as the existence of particularly strong extended haplotypes. 12 Over- all, the recombination rate for the MHC is lower than the genomewide rate determined by sperm typing, and, in addition, the MHC includes defined subregions of low recombination. 12 One of these regions, characterized by a 2.3-fold reduction in recombination rate relative to the genomic average, resides just telomeric to HLA-C. 12 At least 10 genes have been identified within this region. 13 As the allelic variation in these genes has been characterized and tested, it has become clear that many of these genes are also strongly associated with psoriasis. Attempts to stratify associations according to HLA-C status have usually failed to identify any association independent of HLA-Cw6. Against this background, it has become evident that neither the magnitude nor the statistical significance of individual allelic associations can provide definitive insight into the identity of the PSORS1 gene.
To overcome this challenge, we and others have turned to recombinant ancestral haplotype analysis. By accumulating and analyzing sufficient numbers of subjects, it is possible to identify individuals carrying only portions of the ancestral PSORS1 risk haplotype and to assess the risk conferred by those haplotypes. Our laboratory used STRs for this purpose, 14 and Veal et al. used SNPs. 15 Both studies confirmed that present-day MHC haplotypes have been generated by recombination events involving extended ancestral haplotypes. 16 Together with more recent work, 17 both efforts have identified a region of ∼300 kb just telomeric of HLA-B as the interval containing PSORS1.
In the present study, we extended our earlier haplotype analysis 14 to include 16 polymorphisms in the HLA-C and CDSN genes and 188 additional pedigrees. We also incorporated improved methods for haplotype reconstruction. Finally, we used cloning and shotgun DNA sequencing to determine the complete genomic DNA sequence of the 300-kb PSORS1-risk region for 10 haplotypes falling into seven distinct haplotype clusters. Two of these are associated with psoriasis (risk), and the other five are unassociated (nonrisk). Comparison of sequence for the two risk haplotypes confirmed the existence of a 298-kb region of homology flanked by two clearly nonhomologous regions. Sequences of haplotypes drawn from the same cluster were nearly identical. Comparison of risk and nonrisk haplotypes revealed that only two genes (HLA-C and CDSN) in the 298-kb candidate interval encode variants unique to risk at the level of translated protein. Focusing on those haplotypes that have undergone recombination events between the risk alleles of HLA-C and CDSN, we further report that only those bearing HLA-Cw6 confer risk of psoriasis and that we can exclude the telomeric 25% of the risk interval with high confidence. Although the possibility of regulatory variants or unknown genes in the remainder of this interval cannot be completely excluded, this combined sequencing and haplotype-mapping approach strongly supports HLA-Cw6 as the major PSORS1 disease allele in early-onset psoriasis.
Subjects and Methods

Family Sample
The study sample consisted of 678 pedigrees of various structures (table 1) , which either were identified through the dermatology services of the University of Michigan Medical Center, the Ann Arbor Veterans Affairs Hospital, the University of Kiel, and Henry Ford Hospital or were provided by the National Psoriasis Foundation Tissue Bank. Only families in which the proband's age at onset was !40 years were included. 10 Individuals were considered to be affected if chronic plaque or guttate psoriasis lesions covered 11% of the total body surface area or if at least two skin, scalp, nail, or joint lesions were clinically diagnostic of psoriasis. 18 A total of 2,723 individuals were recruited, 1,432 of whom were affected with psoriasis. Table 2 Nomenclature, Amplification Primers, and Genomic
Locations of Microsatellite and Indel Markers
The table is available in its entirety in the online edition of The American Journal of Human Genetics. Table 3 Nomenclature, Amplification Primers, Probes, and
Genomic Locations of SNPs Used in the Present Study
The table is available in its entirety in the online edition of The American Journal of Human Genetics.
Most (642) of the pedigrees were of white European ancestry. Informed consent was obtained from all subjects, under protocols approved by the institutional review boards of the participating institutions.
Markers and Genotyping
The 34 microsatellite markers originally used for haplotypeclustering analysis of a 490-pedigree subset of the current sample 14 were genotyped for an additional 130 pedigrees. HLA-C and HLA-B antigen alleles were genotyped for 157 of the combined sample of 620 pedigrees, with use of DNA-based methods for HLA-C and serological methods for HLA-B, as described elsewhere. 19 Seven SNPs in HLA-C and an additional eight SNPs and one indel in CDSN were genotyped for all 678 families in the current analysis (i.e., the 620 families subjected to microsatellite typing plus an additional 58 families). To locate ancestral recombination breakpoints between HLA-C and CDSN, 15 additional markers (12 SNPs and 3 indels) were genotyped for all individuals carrying either of two rare haplotypes that are possibly associated with psoriasis (HLA-Cw6-B45 and HLA-Cw7-B58). Nomenclature, amplification primers, probes, and genomic locations for all markers used in this study are listed in tables 2 and 3.
The SNPs typed for HLA-C (SNP25, SNP38, SNP39, SNP26, SNP36, SNP40, and SNP37) (table 3) are located in exons 2 and 3 of the gene at positions 213, 218, 341, 361, 387, 459, and 540 of GenBank mRNA reference sequence NM_002117.4 (unless otherwise noted, mRNA numberings denote the A of the initiator codon as nt ϩ1). When haplotype phase could be unambiguously determined, the two SNPs at positions 213 and 361 allowed HLA-C to be typed to a biallelic level by distinguishing all HLA-Cw6 alleles (HLA-Cw0602-Cw0613) from the other 186 known alleles of the gene (July 2005 release 2.10.0 of the IMGT/HLA Sequence Database maintained by the HLA Informatics Group 20 [see the Anthony Nolan Trust Web site]). Typing all seven SNPs provided absolute discrimination of HLA-Cw6 alleles, even when phase could not be determined with certainty, and allowed classification of HLA-C types into 15 allele groups when phasing was unambiguous. The nine polymorphisms typed for CDSN (SNP1, SNP34, SNP2, SNP9, SNP3, SNP35, SNP4, SNP5, and  SNP6) (table 3) are all protein-altering variations and are located at positions 52, 166, 428, 447-449, 605, 1201, 1222 , 1229, and 1579 of GenBank mRNA reference sequence NM_001264.2. Seven of these polymorphisms constitute the five different combinations that make the psoriasis-associated risk haplotypes unique among the 10 sequenced haplotypes of this study, and the other two (SNP34 and SNP35) define two known CDSN protein variants among psoriasis-risk haplotypes (see the "Results" section for more details).
DNA was prepared from peripheral-blood mononuclear cells or Epstein-Barr virus-immortalized lymphoblastoid cell lines, as described elsewhere. 21 Microsatellite markers were genotyped either by 32 P-labeled primers and polyacrylamide gel electrophoresis, as described elsewhere, 21 or by fluorescent labeling followed by capillary electrophoresis on ABI Prism 3100 Genetic Analyzers (Applied Biosystems). Indels were typed by the same method. SNPs were typed by single-base primer extension, as implemented in the SnapShot assay protocol (Applied Biosystems), per the manufacturer's instructions. Genotypes were checked for Mendelian inheritance errors by use of Pedstats 22 and Pedmanager and, for unlikely genotypes, by use of the "error" option of version 1.0-alpha of Merlin. 23 
Genomic DNA Cloning and Sequencing
High-molecular weight DNA was isolated by sucrose density gradient centrifugation, and large-insert (∼35-45 kb) libraries were prepared in either a SuperCos1 cosmid vector (Stratagene) or a pEPIFOS-5 fosmid vector (Epicentre Biotechnologies), per the manufacturers' instructions. Each library had at least 12-fold haploid genome coverage. Libraries were screened using gel-purified probes derived by PCR amplification from the region of interest, and the probes were labeled with 32 P by random priming. To map clones, we sequenced clone termini and used microsatellite and SNP genotyping to determine whether each clone was derived from the maternally or paternally inherited chromosome. Overlapping clones were selected for sequencing, to provide complete coverage of a 350-kb target region on both chromosomes.
For sequencing, the large insert fosmid or cosmid clones were sheared into ∼1-kb fragments by use of a nebulizer (Invitrogen), were gel purified, were blunt ended, were cloned into a pGEM3-ZF(Ϫ) plasmid vector (Promega), and were sequenced in both directions with the vector primers SP6 and T7. Raw sequences were assembled into contigs by use of SeqMan (DNAStar, version 6.0), assisted by alignment of shotgun sequence against an HLA-Cw7-B8 reference sequence from the COX homozygous cell line. 24 The coordinate system used in the tables and figures of the present study was based on this reference sequence, starting with the first base of the 5 primer (GCAACTTTTCTGTCAATCCA) used to amplify microsatellite marker D6S273 and extending in the telomeric direction (see table 4 for a listing of accession numbers for the reference sequence). High-quality sequence coverage from at least two different plasmid subclones-and from both strands, whenever possible-was required for the entire cosmid or fosmid insert. Examination of overlapping regions of sequenced clones for the same haplotype of the same individual yielded an estimated total error rate of well under one error per 100,000 bases, which is consistent with the error rate seen for the Human Genome Project. 20 HLA-B alleles in parentheses are serological equivalents that are used elsewhere in this study in preference to the DNA allele designations listed here.
Comparison of Sequenced Haplotypes
Overlapping cosmid and fosmid clone sequences were assembled into a single contig for each of the 10 haplotypes (GenBank accession numbers are provided in table 4). Haplotype contigs were then aligned with each other in SeqMan. Whenever necessary, sequence alignments were manually adjusted to yield the minimum possible number of polymorphisms. For each polymorphism, its location in the COX HLA-Cw7-B8 reference sequence and its alleles for the 10 haplotypes were recorded. Haplotype contig sequences were then compared with that of the HLA-Cw6-B57 contig by determining a weighted percentage difference of polymorphic alleles over 2.5-kb intervals. Weighting each polymorphism by the inverse of the number of variations found within 1.25 kb of the polymorphism allowed the percentage-difference metric to incorporate a true local density of polymorphisms.
Analysis of Candidate Genes
All expressed and transcript genes within the 300-kb PSORS1 interval that are listed in a recently published gene map for the human MHC 13 were selected as candidates for PSORS1 (table 5) . With the exception of a computer-predicted locus (LOC442199), the information in this table corresponds to all genes shown in build 35.1 of National Center for Biotechnology Information (NCBI) Map Viewer for the candidate interval. For each gene, all mRNA sequences available in build 186 of NCBI Unigene were considered. Two-sequence BLAST was used to align each mRNA sequence with the relevant portion of the COX HLA-Cw7-B8 genomic reference sequence, and all exon boundaries were mapped. The mRNA sequences for each gene were then sorted into groups with similar splicing patterns. When more than one sequence existed for a given splice variant, that sequence with the most-complete 5 and 3 UTRs was used as a reference (reference mRNAs are provided in table 5). All variations among the 10 sequenced haplotypes that occurred in the spliced transcript of the reference mRNA sequence were located, and their effect on the predicted protein sequence was determined. The predicted coding sequence included as an annotation within the GenBank sequence record was used whenever available; the longest ORF predicted by MacVector (version 6.5.3 [Accelrys]) was used instead for those two reference mRNA sequences without this information (BX647174.1 for TCF19 and AK094433.1 for HCG22). Version 0.97-600-1000 of the MINCOV program (Stanford Center for Tuberculosis Research Web site) 26 was used to search for minimal sets of polymorphism alleles that distinguished the two risk haplotypes (Cw6-B57 and Cw6-B50) from the eight nonrisk haplotypes. Each splice variant of each gene was analyzed; separate analyses were conducted for all polymorphisms within the mRNA transcript, as well as for the subset of protein-altering mutations within the coding sequence.
Haplotype Reconstruction
Haplotypes were reconstructed by three different methods. The first method generated maximum-likelihood haplotypes with Merlin, 23 with a new version that models LD among clusters of tightly linked markers. 27 Population-haplotype frequencies within the cluster were computed by Merlin from our pedigree data with an expectation-maximization algorithm. The second method used a combination of Merlin and PHASE, 28, 29 as described in detail elsewhere. 30 In brief, maximum-likelihood haplotypes were created with an implicit assumption of linkage equilibrium between markers by use of the "best" option of Merlin (version 0.10.2). Phase ambiguities in the most-likely Merlin haplotypes were then resolved by PHASE (version 2.1.1) whenever the confidence of the phase call was at least 99%. The third method used version 1.5.5 of the family-based association test (FBAT) 31, 32 (see the Harvard School of Public Health Web site), which reconstructs haplotypes in a probabilistic manner, with a conditioning approach that allows use of haplotypes with missing genotype or phase information without introducing bias. 33 Haplotypes for the nine genotyped polymorphisms of CDSN and the seven typed SNPs of HLA-C were reconstructed by method 1. Haplotypes for HLA-C and CDSN in the 58 families typed only for these two genes were also generated by method 1; the entire pedigree sample was used to improve estimation of haplotype frequencies in the underlying population. Thirtysix marker haplotypes (HLA-Cw6, CDSN, and 34 microsatellites) in 620 families were generated by method 2 because of computational constraints of methods 1 and 3.
Accuracy of HLA-C and CDSN typing was confirmed by several methods. For CDSN, identical haplotypes were obtained with methods 1 and 2, and the founder-haplotype frequencies produced by method 3 were very similar to those yielded by the first two methods. Accuracy of haplotypes for the seven typed SNPs of HLA-C generated by method 1 was assessed by comparison of the inferred haplotype configuration for each person with the predicted configurations for all pairwise combinations of the 198 known HLA-C alleles. Haplotypes were retained if they were the only possible outcome given the genotypes of that person and other family members or if the only other choices involved HLA-C haplotypes known to be very rare in the study population. Moreover, method 3 frequencies for 7-SNP HLA-C haplotypes were very similar to those of method 1. As mentioned before, HLA-C haplotypes could be absolutely discriminated to the level of HLA-Cw6 versus non-HLA-Cw6 in the absence of external phase information from the population or other family members.
Accuracy of HLA-C-CDSN haplotypes was assessed by comparison of the results of methods 1 and 3, which yielded very similar haplotype frequencies. Merlin, as used by method 2 for 36-marker haplotype construction, incorrectly assumes linkage equilibrium among markers, so the reliability of the mostlikely haplotype vectors of Merlin was assessed by comparison of them with all possible haplotype vectors (under the assumption of no recombination) for each member of the pedigree sample. Only 0.006% (5 of 88,340) of the alleles were phased differently between the two sets. For 1,584 alleles, phase was ambiguous in one or more of the possible haplotypes for a person but resolved in the most likely haplotype; when method 2 was applied to that set of possible haplotypes for each pedigree with the most such discrepancies, all but 51 of these ambiguous phases were resolved identically for the possible and most likely haplotype.
For all haplotypes in this study, inferred haplotypes of uncollected family members were discarded for purposes of analysis, because their use by the transmission/disequilibrium test (TDT) and pedigree disequilibrium test (PDT) can lead to bias. 34, 35 Because these two tests can handle only one possible haplotype configuration per individual, haplotypes with ambiguous or missing phase information were also discarded, even though use of only phase-known haplotypes can also lead to bias. 36 Bias of this sort should be minimal-none of the CDSN haplotypes and only 0.7% of the multiallelic HLA-C, 0.2% of the biallelic HLA-C, and 0.3% of 36-marker haplotypes needed to be discarded because of missing or unresolved phase information for those people with genotypes for at least one marker of the haplotype.
Haplotype Clustering
For founder chromosomes of the pedigree sample, 36-marker haplotypes were clustered using an average-distance agglomerative hierarchical method with a percentage-difference met- NOTE.-Although typing success was uniformly high (199%) for all markers and haplotypes of the present study, the number of informative families varies because some families were not typed for the 34 microsatellite markers, the three association tests differ in what sort of pedigrees they can use, and dyads cannot be tested for biallelic markers. The numbers shown for each association test count only those families with at least one typed and phenotypically informative unit. For the TDT, this unit is a triad or dyad; for the PDT, it is a triad, dyad, or discordant sib pair (an affected child and unaffected sibling); and, for the FBAT with the settings used, it is a triad, dyad, discordant sib pair, or a sibship with three or more affected siblings.
a As indicated by the ellipses (…), the FBAT cannot be applied to the 36-marker haplotypes, because the computational demands are too great; furthermore, FBAT can test only groups of haplotypes with exact matches for all alleles, and these constitute only a small fraction of all haplotypes in the sample.
ric. To qualify for clustering, at least half of the alleles of the haplotype were required to be typed and of known phase. A total of 2,710 founder haplotypes either were directly typed or were potentially inferable from other typed members of the pedigrees; of these, 2,700 qualified for clustering. Untyped or unphased alleles-which comprised 0.10% and 0.14%, respectively, of the alleles of clustered founder haplotypes-were labeled as "missing" rather than as "zero," to avoid false matches and mismatches. The criteria for assignment of haplotypes to a cluster were у80% homogeneity of marker alleles and a minimum of five founders. All other haplotypes were lumped together into a single cluster. Clusters were then numbered and assigned to all nonfounders in the pedigrees, according to the segregation of founder chromosomes. Recombinations between founder haplotypes occurred six times among ∼1,400 informative meioses in the pedigree sample; the resulting recombinant haplotypes were discarded for all individuals inheriting them. Genotypes for HLA-C and HLA-B antigen alleles, which were available for only a subset of the pedigree sample, were assigned to haplotype clusters by inspection of informative pedigrees.
Mapping Breakpoints of Recombinant Haplotypes
Breakpoints for haplotypes with an ancestral recombination between the psoriasis-risk alleles of CDSN and HLA-C were mapped using the 34 microsatellite markers. Identity with the risk alleles of the PSORS1 candidate region was assessed, allowing for mutable markers for which two or three alleles (differing in size by one or two tandem repeats) occur on risk haplotypes that are otherwise similar. Of the 58 pedigrees that were typed only for CDSN and HLA-C, 2 carried a recombinant haplotype; all members of these two families were typed for additional markers, to map the breakpoints to the same resolution as the other recombinant haplotypes. Because association testing was used to exclude portions of the PSORS1 candidate region, breakpoints of HLA-Cw6 Ϫ /CDSN*TTC ϩ recombinants (which were found to be unassociated with psoriasis) were mapped to the last marker on both sides of CDSN that bears a risk allele, to ensure that these haplotypes fully retained the portion of the candidate interval being tested for exclusion. Conversely, breakpoints of HLA-Cw6 ϩ /CDSN* TTC Ϫ recombinants (which were found to be positively associated with psoriasis) were mapped to the first marker on both sides of HLA-C that does not carry a risk allele, to ensure that these haplotypes had not retained any portion of the PSORS1-risk interval being tested for exclusion. To better compare two rare putative risk haplotypes (HLA-Cw7-B58 and HLA-Cw6-B45) with the reduced PSORS1-candidate region, 15 additional markers (M6S235-M6S237, SNP66-SNP72, and SNP74-SNP78) were used to fine map their breakpoints. These breakpoints were mapped to the first markers with a nonrisk allele, to delineate the largest possible portions of these haplotypes that are homologous to the ancestral HLA-Cw6-B57 risk haplotype.
Family-Based Association Tests
Pedigrees were analyzed for putative disease-associated alleles and haplotypes with three different family-based association tests: the TDT, 37 the PDT, 38, 39 and the FBAT. 31, 32 All three methods were implemented as biallelic two-sided tests of the null hypothesis of no association in the presence of linkage. Both the TDT and PDT were extended to include dyads (affected child and one collected parent) when triads (affected child and two collected parents) were not available, with appropriate precautions. 40 For the TDT, a single triad or dyad was randomly extracted from each pedigree. Because results vary depending on the particular random selection, the analysis was repeated 999 times with different random number seeds, and the median result was reported. Exact binomial P values were used. For the PDT, we used the PDT-avg test, which gives equal weighting to all families. All triads, dyads, and discordant sib pairs in a family contributed to the test. We also computed , a standardized measure of association between the -D disease and marker loci, as assessed by the PDT, which has a range of Ϫ1 to 1. 17 For the FBAT, version 1.5.5 of the software 41 was used with an additive model, the empirical variance, and an offset of 0. FBAT does not output a measure of LD that is independent of sample size; for this purpose, we calculated a statistic S*, which is the mean deviation of the FBAT test statistic S from its expected value over all families that are genotypically informative for the test allele. The number of families informative for association testing varied, depending on both the locus and test (table 6) .
The equality of TDT percentage transmission (%T) values for two risk alleles of the same locus or haplotype was tested by generating 100,000 simulated data sets. In each simulation, gentoypes were randomly assigned to the parents on the basis of observed allele frequencies in founders and an assumption
Figure 1
Delineation of the PSORS1 candidate interval. Known genes are shown below the coordinate axis, and key microsatellite markers are shown above. The candidate interval is depicted as originally defined (59.7-kb RH1 interval 14 ), after its initial expansion on the basis of sequencing the regions immediately flanking RH1 (140-kb PSORS1 interval) and after incorporating results with reassessment of the association of an HLA-Cw8-B65 haplotype with psoriasis (300-kb PSORS1 interval 17 ).
of Hardy-Weinberg equilibrium. The probability of segregation from parents carrying exactly one risk allele was based on the observed %T for all risk alleles combined; for homozygous parents, alleles were assumed to segregate in a Mendelian fashion. Significance levels were determined by comparison of the difference of %T values in our original pedigree sample with the difference of %T values in simulated pedigrees. Recombinant haplotypes separating the risk alleles of HLA-C and CDSN were tested for their association with psoriasis. Correction for multiple correlated tests was determined using a Monte Carlo method. 42 In brief, founder haplotypes were randomly assigned on the basis of observed allele frequencies and an assumption of Hardy-Weinberg equilibrium, and Mendelian segregation of founder haplotypes to nonfounders was then simulated. Association tests were repeated in the simulated data, and the most significant P value among all association tests was stored for each of 100,000 simulated samples, to create a reference distribution. The corrected P value for each test of the actual data was then simply the rank of its nominal P value within the sorted reference distribution.
TDT Power Analysis
Power to detect association with various recombinant haplotypes was determined by simulation, under the alternative hypothesis of LD between psoriasis and the marker locus. We generated 100,000 samples of triads and dyads that were equivalent in size and parental haplotype-cluster frequencies to those extracted from the observed pedigrees for the TDT, using a gene-drop algorithm with rejection sampling. 30 We assumed a population prevalence of 2% for psoriasis. Estimates of genotype relative risk (GRR) for carriers of a recombinant haplotype presumed to contain PSORS1 were based on estimates of GRR for HLA-Cw6-10.4 for homozygotes and 5.2 for heterozygotes. 17 Because only a small fraction of haplotypes carrying HLA-Cw6 exhibit an ancestral recombination between it and the CDSN risk allele, the GRR values for the relatively rare recombinants between these two alleles must be adjusted accordingly. The penetrance of noncarriers of recombinant haplotypes will be nearly double that of non-HLACw6 carriers, so GRR values need to be halved to ∼5 for homozygotes and ∼3 for heterozygotes. Nominal power was then estimated using a type I error rate of 0.05 for each individual test. Estimates of corrected power utilized a type I error of 0.016, which was determined by simulation (see above) to ensure a global type I error rate of 0.05 for all 10 tests of recombinant haplotypes.
Results
Delineation of the PSORS1 Interval
Our original localization study analyzed association between psoriasis and 62 microsatellite markers situated throughout the MHC. 14 The strongest associations were found for markers lying within a 1.2-Mb region of the central MHC. A comparison of clusters of 34-marker haplotypes spanning this region narrowed the candidate interval for PSORS1 to a 59.4-kb region designated "RH1" ( fig. 1) , which was the shortest microsatellite haplotype segment common to all identifiable risk haplotypes.
14 RH1 was therefore our original target for DNA sequencing. However, analysis of sequences flanking RH1 and evidence that an uncommon haplotype showing association with psoriasis in our original sample is probably not associated 17 prompted us to extend the PSORS1 interval to 300 kb, bounded centromerically by HLA-B and telomerically by M6S224 ( fig.  1 ).
Sequencing Strategy
Rather than sequence genomic DNA directly, we chose to clone the region first. In this way, we could separate maternal and paternal chromosomes, avoid the difficulty of specifically amplifying regions with genomic repeats, and still sequence haplotypes originating in affected individuals from our sample. We selected five individuals for sequencing, which yielded a total of 10 haplotypes from seven of the distinct haplotype clusters of our original study.
14 Two of these haplotype clusters were associated with psoriasis, and the other five were unassociated. Among risk haplotypes, HLA-Cw6-B57 was selected because it was the most common in our sample, and HLA-Cw6-B50 was chosen because our earlier studies showed that it limited the candidate interval on its telomeric end. The chosen nonrisk haplotypes (Cw12-B38, Cw7-B7, Cw7-B8, Cw8-B65, and Cw3-B62) represent five of the eight most common nonrisk-haplotype clusters in our original study.
14 The Cw8-B65 cluster was originally selected as a risk haplotype, but subsequent analysis 17 led us to reassign it to the nonrisk category. We deliberately selected three haplotypes (Cw12-B38, Cw7-B8, and Cw8-B65) to be cloned and sequenced twice, to gain a better understanding of the similarity of haplotypes belonging to the same cluster that were cloned from unrelated individuals. The seven distinct haplotypes selected for sequencing were carried by 34% of the founder chromosomes in our original study. 14 
Homogeneity of Haplotypes from the Same Cluster
Our original study used a threshold of 80% identity among marker alleles to define clusters for 34-marker haplotypes spanning the PSORS1 candidate interval. 14 If the clustered sequences are not much more similar than this for all polymorphisms in the interval, then sequencing one member as a representative of the entire cluster would be of little value. Therefore, as a prelude to DNA sequencing, we assessed the homogeneity of the haplotype clusters to be sequenced by determining the percentage of founder haplotypes in each cluster that carry the consensus allele for the marker. This analysis, shown in table 7, revealed that the mean homogeneity of the seven sequenced haplotype clusters has a range of 91%-95% (grand mean 93%) when averaged over all 34 markers, far in excess of the 80% threshold used to define clusters. Homogeneity was even greater for the 24 markers within the 362-kb sequenced region and when the least stable markers (M6S167, M6S168, and M6S224) were omitted.
Clusters appeared to be even more homogeneous when SNP and indel variants were considered. Specifically, we compared our own three duplicate haplotype sequences, as well as four haplotypes derived from homozygous MHC typing cell lines sequenced by the Sanger Institute for the MHC Haplotype Project. With these sequences, we were able to make eight pairwise comparisons across the PSORS1-candidate interval, comprising six of the seven sequenced haplotype clusters. These comparisons revealed 99.996%-99.999% sequence similarity for haplotypes assigned to the same cluster (table 8) . When expressed as a percentage of divergent alleles for those polymorphisms identified among the 10 sequenced haplotypes, these differences had a range of 0.047%-0.17%. These data demonstrate that haplotypes assigned to the same cluster by our methods are indeed nearly identical. Figure 2 depicts the sequence divergence of one example of each of the sequenced haplotypes relative to the HLA-Cw6-B57 haplotype. Note that the divergence between the two risk haplotypes is very low across an interval extending from just telomeric of HLA-B (359.8 kb) to just telomeric of the HCG22 gene (657.6 kb). As defined by the first points at which the two risk-haplotype sequences diverge by 120% over a span of 2.5 kb, the PSORS1-risk interval is 297.8 kb in length. The two risk haplotypes diverge at 0%-17% (mean 2%; median 0%) of polymorphic sites within the 298-kb region of homology, at 39%-82% (median 43%) of sites in the 35 kb of sequenced centromeric flanking region, and at 29%-100% (median 75%) of sites in the sequenced 25 kb of telomeric flanking region. Thus, sequence comparison of the two risk haplotypes allowed us to more accurately define the risk interval than when the boundaries were defined using microsatellite markers 14 or SNPs 15 and to conclusively demonstrate continuous homology between risk haplotypes throughout the interval.
Sequence Characterization of the PSORS1 Interval
Comparison of Risk and Nonrisk Haplotypes
In contrast to the extended region of sequence similarity between the two risk haplotypes, comparisons of nonrisk haplotypes with the HLA-Cw6-B57 risk haplotype demonstrate extensive variation. However, some portions of the nonrisk haplotypes HLA-Cw7-B8, HLACw8-B65, and HLA-Cw12-B38 manifest marked similarity to risk haplotypes, with shorter regions of lesser similarity on nonrisk haplotypes HLA-Cw7-B7 and HLA-Cw3-B62 ( fig. 2) .
The bottom panel of figure 2 depicts the total number of polymorphisms observed among the 10 haplotypes, per 2.5-kb intervals. This panel reveals a highly uneven distribution of sequence variation, ranging from a low of 2.4 polymorphisms per kb in the telomeric portion of the a Haplotype-cluster number for the new analysis of the present study (cluster number from our original study 14 ). b Results are based on polymorphisms observed among the 10 sequenced haplotypes of the present study.
PSORS1 interval to a peak of nearly 80 polymorphisms per kb in the interval between HLA-B and HLA-C. The 6,856 variations observed within the 362-kb sequenced interval include SNPs (85.0%), indels (8.5%), SNPs within indels (4.8%), poly A/T tracts (1.3%), and STRs (0.5%). Eleven of the variations are indels and inversions 1100 bp in size; the largest, a 9.7-kb indel halfway between HLA-B and HLA-C. The mean density of 16.1 SNPs per kb observed for the sequenced region is much higher than the mean density of 2.9 SNPs per kb seen for the entire human genome (build 124 of dbSNP).
Analysis of Candidate Genes
In all, 5,545 polymorphisms were found in the 297.8-kb candidate interval, 205 of them within spliced gene transcripts. We considered a candidate for PSORS1 to be either an allele at a single polymorphism or a combination of alleles at multiple polymorphisms that is unique to risk; that is, present on both risk chromosomes but absent on all five nonrisk chromosomes. Of the 5,545 polymorphisms, 98 (1.8%) met this criterion when considered individually. Three of these are SNPs in the second exon of HLA-C. None of the other 95 polymorphisms unique to risk haplotypes occur within spliced gene transcripts. However, 49 of the 95 occur within SEEK1 introns, and 2 of these 49 also occur in the first intron of CDSN, because of the overlapping nature of these two genes. The distribution of unique individual SNPs within the PSORS1 candidate region is depicted in figure 3 .
Given the fact that alleles for HLA and non-HLA genes within the MHC differ by varying combinations of SNPs and indels, it is important to consider the possibility that the PSORS1-disease allele differs from other nonrisk alleles only when multiple polymorphisms within a functional unit are considered in combination. On the basis of our sequence data, thousands of two-way and millions of three-way combinations of polymorphisms within the candidate interval are unique to risk. Therefore, our analysis focused on variations found in spliced transcripts of all known genes in the area, with a particular focus on variations leading to alteration of amino acid sequences. A summary of the genetic variations, for each candidate gene, that are unique to risk haplotypes HLACw6-B57 and HLA-Cw6-B50 is given in table 9. In the detailed analysis below, gene polymorphisms are named per the recommendations of Antonarakis et al., 43 with use of the mRNA reference sequences in table 5.
Seven genes in the candidate interval (HCG27, PSORS1C3, OTF3, TCF19, HCR, STG, and HCG22) encode a spliced transcript on one or more psoriasisassociated haplotypes that is identical in sequence to the spliced transcripts of one or more nonrisk haplotypes, which renders each gene a noncandidate for PSORS1 at the level of mRNA and protein. A further two genes in
Figure 2
Divergence of sequenced haplotypes from the HLA-Cw6-B57 risk haplotype. Known genes and their direction of transcription are shown below the coordinate axis, and microsatellite markers are shown above. The 298-kb PSORS1 candidate region is also depicted. The weighted percentage difference of polymorphism alleles, when compared with the sequence of the HLA-Cw6-B57 haplotype, is plotted by 2.5-kb intervals for each of the remaining six distinct haplotype clusters that were sequenced. Only those polymorphisms observed among the 10 sequenced haplotypes were considered when computing percentage difference. A plot for the second risk haplotype is shown first, followed by plots for the five nonrisk haplotypes. The bottom panel plots the number of polymorphisms observed among the 10 sequenced haplotypes, for 2.5-kb intervals of the sequenced region. The Cw6-B57 haplotype was derived from two individuals, because the region telomeric of CDSN on the Cw6-B57 chromosome of the person originally selected for cloning is actually derived from a Cw7-B8 haplotype by ancestral recombination.
the candidate interval (SEEK1 and SPR1) have no protein alleles specific to risk haplotypes but do have mRNA sequences that are unique to risk. For SPR1, four different pairwise combinations of mRNA alleles are unique to risk and involve five variations: 5 UTR SNPs Ϫ284ArG and Ϫ90TrC, missense SNP 248CrT, and 3 UTR SNPs 506ArG and 673CrG. The four combinations specific to the risk haplotypes all involve the 673G allele with Ϫ284G, Ϫ90C, 248C, or 506A as the second allele. For the larger of the two known splice variants of SEEK1, one pairwise combination and four four-way combinations of mRNA alleles are unique to risk. Seven polymorphisms are involved in these combinations: 5 UTR variations Ϫ199ArG, Ϫ100CrT, Ϫ94GrA; missense variations Ϫ70CrA and 100ArG; frameshift variation 117delC; and 3 UTR variation 483TrC. The combinations of polymorphism alleles unique to risk are (1) Ϫ100C and Ϫ94A; (2) Ϫ199A, Ϫ100C, 70C, and 100G; (3) Ϫ199A, Ϫ100C, 70C, and 483C; (4) Ϫ199A, Ϫ100C, 100G, and 117 undeleted; and (5) Ϫ199A, Ϫ100C, 117 undeleted, and 483C.
Only two genes in the PSORS1 candidate interval (HLA-C and CDSN) have protein alleles unique to the two risk haplotypes among the 10 sequenced haplotypes. For HLA-C, three polymorphisms-silent SNP 213GrC and missense SNPs 302GrA and 312CrA-each have an allele (C, A, and A, respectively) that is unique to the spliced risk transcripts among the 10 sequenced haplotypes. The two unique missense SNPs code for 77 Asn and 80 Lys in the HLA-Cw0602 protein of the risk haplotypes, as opposed to 77 Ser and 80 Asn in the nonrisk haplotypes. However, these variations are not unique to Five different combinations of protein-altering variations distinguish the CDSN protein of the two sequenced risk haplotypes from the nonrisk haplotypes. Seven polymorphisms are involved in these combinations-missense SNPs 52ArT, 428GrA, 605CrT, 1222TrG, 1229CrT, and 1579GrA, as well as coding indel 447-449delAAG. The five allele combinations unique to the two risk haplotypes are (1) 605T, 1222T, and 1229C; (2) 428G, 447-449 undeleted, 605T, and 1222T; (3) 52A, 428G, 605T, and 1222T; (4) 447-449 undeleted, 605T, 1222T, and 1579G; and (5) 52A, 605T, 1222T, and 1579G. The smallest combination unique to the CDSN gene carried by the risk haplotypes (605T, 1222T, and 1229C) corresponds to residues 202 Phe, 408 Ser, and 410 Ser in the predicted protein of these haplotypes. These conclusions are unaffected by the presence of two known variations in the CDSN protein among risk haplotypes; the HLA-Cw6-B50 haplotype has a T rather than a C at missense variation 166CrT (which results in a Phe rather than Leu at residue 56), and the HLA-Cw6-B13 haplotype has a G rather than an A at missense variation 1201ArG (which results in a Gly instead of Ser at residue 401). 44 
Association of Psoriasis with HLA-C and CDSN
After we determined that HLA-C and CDSN were the only genes of the candidate interval encoding protein alleles unique to risk, we proceeded to type our entire sample for the seven coding SNPs that uniquely define HLA-Cw6 and the eight SNPs and one indel that distinguish the known risk alleles of the CDSN gene. Haplotypes were constructed for each gene as described in the "Subjects and Methods" section. As shown in table 10, HLA-C yielded 9 haplotype alleles, and CDSN yielded 12 haplotype alleles, 4 of which are rare and not described elsewhere. The alleles of each gene were then tested for association with psoriasis by use of the TDT and the FBAT.
As shown in table 10, only HLA-Cw6 (HLA-C hap- 10 5.9 # 10 ference in TDT T:NT (transmitted:nontransmitted) ratios for the two risk alleles (295:97 vs. 289:112) is not significant with use of the t test for equality of two proportions ( ). P p .31 Several of the more common alleles of each gene are negatively associated with psoriasis. However, these negative associations are not unexpected, since neutral alleles will be noticeably undertransmitted whenever one or more risk alleles are common and strongly overtransmitted. Consonant with this expectation, T:NT ratios for the subset of pedigrees lacking the common risk alleles show no significantly undertransmitted alleles (data not shown).
Haplotype-Cluster Analysis
We extended our earlier 34-marker haplotype-clustering analysis 14 to include the HLA-C and CDSN genes and 130 additional pedigrees. We also incorporated improved methods for haplotype reconstruction. In general, the results of the new clustering analysis were very similar to those of the original study, but the larger sample size yielded more haplotype clusters (76 vs. 66) and substantially greater power of association tests. Sequencing the candidate interval greatly improved our ability to accurately determine regions that were identical by descent on the basis of microsatellite marker alleles. Consensus alleles and TDT results for all 36-marker haplotype clusters with a frequency of у1% among founder chromosomes are presented in table 11 . Data for all 76 haplotype clusters, including correspondence of old and new cluster numbers, can be found on the University of Michigan Psoriasis Genetics Laboratory Web site.
The four identifiable risk haplotypes (defined as "positive association with psoriasis, with nominal TDT P ! ") share a 300-kb region of homologous marker al-.05 leles between HLA-B and M6S224 that is identical to the PSORS1 candidate interval identified by sequencing ( fig. 2 ) and reassessment of our earlier clustering study ( fig. 1 ). It is likely that the risk haplotypes are derived from extended ancestral MHC haplotype 57.1 (HLA-A1-Cw6-B57-DR7-DQ9 16 ), represented in its fullest extent by cluster 44, and the 300-kb candidate interval is the minimum fragment of this ancestral haplotype retained by all four.
None of the other 11 common haplotype clusters appear to impart risk for psoriasis, although cluster 51 (designated "cluster 17" in our earlier study 14 ) is overtransmitted (26:13; 65%) and nearly attains nominal significance (TDT ). However, the HLA-Cw8-P p .053 B65 haplotype of cluster 51 was clearly unassociated with psoriasis in a larger collaborative study 17 and in a Sardinian population. 46 Haplotype clusters 37 (Cw7-B7), 11 (Cw5-44), and 57 (Cw3-B60) are all significantly undertransmitted. These same haplotypes remain undertransmitted in the subset of pedigrees lacking all four risk hap- 20 CDSN allele designations follow the classification scheme of Romphruk et al., 71 which is an extension of the system proposed by Guerrin et al. 45 and Hui et al. 69 Previously unpublished alleles are denoted with ellipses (…). NOTE.-The table displays all 36 markers subjected to haplotype clustering, along with HLA-B, in centromericrtelomeric order, from left to right. Ellipses (…) indicate that no allele occurred in at least 50% of the founder haplotypes comprising the cluster. Italicized numbers indicate that the allele occurred in 50%-80% of the founder haplotypes comprising the cluster. Numbers in roman type indicate that the allele occurred in at least 80% of the founder haplotypes comprising the cluster. ND p no data. Alleles at the three gene loci (HLA-B, HLA-C, and CDSN) are shown in bold. Alleles are shaded when they differ among risk haplotypes for a marker but are not indicative of a significant difference in the underlying sequence of the region. The boxed area shows the minimum region of conserved or shaded marker alleles shared in common by all risk haplotypes.
a All clusters with a frequency of at least 1% among 2,700 founder chromosomes in 620 pedigrees are shown. lotypes, but their negative association with psoriasis is no longer significant (data not shown). Whether these haplotypes are truly protective can be determined only by a larger sample with greater power.
The two prime candidates for the PSORS1 risk allele, HLA-Cw6 and CDSN*TTC, are both present on all four risk haplotypes and are both absent from all 11 nonrisk haplotypes. Hence, the common haplotype clusters provide no ability to discriminate between these two candidates. Risk haplotype clusters do vary in constituent CDSN alleles and apparent strength of association with psoriasis. The most common risk haplotype, cluster 44 (HLA-Cw6-B57), which carries the allele 7 variant of CDSN*TTC, shows the strongest association (78.4% transmission). The other three risk haplotypes, cluster 47 (Cw6-B13), 43 (Cw6-B37), and 41 (Cw6-B50)-which carry CDSN*TTC allele variants 1, 7, and 3, respectively-show somewhat weaker associations (69.4%, 70.0%, and 71.4% transmission, respectively), but the difference in T:NT ratios is not statistically significant.
Analysis of Recombinants between HLA-C and CDSN
Determining whether HLA-C or CDSN is the better PSORS1 candidate requires identifying and testing ancestral recombinants that have separated the risk alleles of these two genes. To this end, inspection of all 36-marker haplotypes in 620 families, along with all HLA-C-CDSN haplotypes in 58 additional families, revealed 76 such recombinant haplotypes among the 684 founder chromosomes carrying either risk allele. Recombinants retaining CDSN*TTC (60 in 55 families; 2.1% haplotype frequency) were nearly four times as common as recombinants retaining HLA-Cw6 (16 in 16 families; 0.56% haplotype frequency). Breakpoints for these recombinant haplotypes were conservatively mapped, as described in the "Subjects and Methods" section. Breakpoints are not distributed evenly within the 147-kb interval between the two genes. There appears to be a recombination hotspot just centromeric of CDSN, because nearly half (36 of 76) of the breakpoints mapped to the 23-kb interval between M6S198 and CDSN and nearly 90% (68 of 76) mapped to the 60-kb interval between M6S169 and CDSN. The variety of breakpoint locations meant that most recombinant haplotypes were rare, and only 7 of the 74 recombinant haplotypes were assigned to a cluster representing greater than five founder chromosomes.
As shown in figure 4 , grouping repower p 98.3% combinants with similar breakpoints allowed us to test whether different overlapping portions of the 300-kb candidate interval carry PSORS1. HLA-Cw6-positive recombinants lacking the M6S190-M6S224 portion of the candidate interval are still positively associated with psoriasis (PDT ), and CDSN*TTC-positive recom-P p .029 c binants carrying the M6S190-CDSN portion of the interval are still unassociated (TDT ; corrected P p .52 c TDT ), which allowed us to exclude the power p 98.0% 74.8-kb segment from M6S190 to M6S224 from further consideration. Even though we do not have power to confidently exclude more than the telomeric quarter of the candidate interval, note the consistent lack of association for all seven groups of HLA-Cw6-negative recombinants (transmission ! 39%;
) and the -D ! Ϫ0.21 consistent positive association for all three groups of HLA-Cw6-positive recombinants (transmission 1 84%;
). If these trends of association are confirmed -D 1 0.64 in a larger sample, we should be able to exclude the entire 129-kb gene-rich region spanning PSORS1C3 and M6S224 from the candidate interval.
One group of recombinants, represented by the last line of table 12, is equivalent to the HLA-Cw7-B58 recombinant found to be positively associated with psoriasis in both a family and case-control sample of Sardinian psoriatics. 46 Although this haplotype appears to be unassociated in our families ( , TDT T:NT p 4:7 ), our sample has only 36% power to detect an P p .94 c association. We fine mapped the recombination breakpoints of this haplotype with 15 additional markers. As shown in figure 5 , if the results of both studies are correct, then PSORS1 would lie within the 38 kb of overlap between that portion of the HLA-Cw7-B58 haplotype derived from the ancestral 57.1 haplotype and our reduced 224-kb candidate interval. Only two genes in this overlap region (SPR1 and SEEK1) have spliced transcript alleles unique to the sequenced risk haplotypes; however, both genes lie in the segment from M6S198 to CDSN that can be excluded with good confidence, by the TDT, from the candidate interval (79% corrected power) (table 12).
Analysis of Rare HLA-Cw6 Haplotypes
On the basis of the preceding analyses, HLA-Cw6 is the best candidate for PSORS1. If HLA-Cw6 is indeed the PSORS1 risk allele, then any haplotype carrying it should bear risk. As already seen, this certainly appears true for the four most common HLA-Cw6 haplotype clusters ( haplotypes or if the corrected TDT power was at least 95% for the unassociated HLA-Cw6 Ϫ /CDSN*TTC ϩ haplotypes. e For the biallelic TDT. f Nominal P value uncorrected for multiple testing. g P value corrected for multiple testing (see the "Subjects and Methods" section for details of correction procedure). h Nominal power of the TDT on the basis of a type I error rate of 0.05, an additive model with a GRR2 of 5, and a disease prevalence of 0.02. i Corrected power of the TDT based on a type I error rate of 0.016, which ensures an experimentwide type I error rate of 0.05 for all tests in the table, an additive model with a GRR2 of 5, and a disease prevalence of 0.02. j is a standardized measure of disequilibrium for the PDT (see the "Subjects and Methods" section).
-D
Figure 4
Recombinant haplotypes and test regions used to map the PSORS1 locus. Key genes and their direction of transcription, along with microsatellite markers used in this study, are depicted immediately above the coordinate axis. All founder haplotypes bearing an ancestral recombination between the HLA-Cw6 and CDSN*TTC psoriasis risk alleles are shown above the axis, and those regions tested for exclusion of the PSORS1 locus are shown below the axis. Haplotypes and test regions of the unassociated (see carry HLA-Cw6 (table 11). All three are overtransmitted to affected children, but power is too low to achieve a statistically significant association, because these clusters have haplotype frequencies !0.5% (table 11) . Combining all HLA-Cw6-positive haplotypes outside of the four common risk clusters into a single group (frequency 2.9%) increases power and yields a significant association ( ; TDT ; PDT Another test of the hypothesis that HLA-Cw6 is the disease allele is the comparison of the strength of association for two different kinds of HLA-Cw6 haplotypes-those that perfectly match the consensus risk alleles of microsatellite markers in the reduced 224-kb candidate interval and those that have at least one allele mismatch for these markers. For this analysis, only those 12 markers for which the risk allele is found on at least 99% of the haplotypes in the four common risk clusters were used (i.e., M6S101, M6S167, M6S111, and M6S169 were excluded). Perfect-match haplotypes were abundant (19.4% haplotype frequency) and strongly associated with psoriasis (264:87; TDT ), whereas Ϫ22 P p 7.3 # 10 mismatch haplotypes were much less frequent (1.8%) but still positively associated (22:10; TDT ; P p .050 PDT ). The difference in transmission ratios P p .014 (75.2% vs. 68.8%) is not significant ( ). To re-P p .81 duce the possibility that mismatches with the consensus risk-haplotype signature were simply the result of typing or phasing errors, we also tested the association of all HLA-Cw6 haplotypes with at least two mismatches for the 12 conserved markers of the candidate interval. This group of haplotypes shows strong LD with psoriasis (10:
Figure 5
Comparison of the reduced PSORS1 candidate region, established by this study, with two rare haplotypes that are possibly associated with psoriasis. Above the coordinate axis, the I-shaped line segment depicts the boundaries of the 224-kb reduced PSORS1 candidate interval, and unblackened rectangles depict the maximum possible regions of the "double recombinant" HLA-Cw6-B45 (cluster 40) and HLACw7-B58 putative risk haplotypes that are homologous to the ancestral HLA-Cw6-B57 risk haplotype. Known genes and their direction of transcription are depicted below the axis. A summary of the psoriasis-risk status of these two haplotypes, as determined by this study and other studies, is also shown.
3; 76.9%
), but the association is no longer -D p 0.464 significant (TDT ; PDT ) because of P p .092 P p .083 the reduction in sample size. In summary, the study of our families suggests that the PSORS1 risk allele is present on all HLA-Cw6 haplotypes.
The most common of the minor HLA-Cw6 haplotype clusters, cluster 40, is an HLA-Cw6-B45 haplotype that appears to have originated as a double recombinant of the 57.1 ancestral haplotype. Fine mapping of its breakpoints shows that it retains the centromeric and telomeric ends of the candidate interval, including the HLACw6 and CDSN*TTC risk alleles, but it lacks the risk haplotype sequence for the intervening segment that includes PSORS1C3, OTF3, TCF19, HCR, SPR1, and part of SEEK1 (fig. 5 ). In our families, this haplotype appears to be associated with psoriasis ( and -T:NT p 7:2 D p when cluster 40 is extended to include all hap-0.533 lotypes matching its consensus alleles within the 300-kb candidate interval), but we have no power to demonstrate significant association. This same haplotype, also known as "cluster D," has been demonstrated to be overtransmitted to affected children in a study of European families 15 and to be significantly associated with psoriasis in a case-control study of Gujarati Indians. 47 If the HLA-Cw6-B45 haplotype does indeed bear PSORS1, then, in conjunction with our results, the candidate interval is further reduced to the 158-kb segment between HLA-B and PSORS1C3, which excludes all known genes except HLA-C and HCG27.
If HLA-C is indeed the PSORS1 gene, then, in the absence of allelic heterogeneity, no haplotype lacking HLA-Cw6 should be associated with psoriasis. This is exactly what is observed for haplotypes common enough to provide adequate power for association testing (table  11) , even when excluding all families bearing any HLACw6 haplotypes (data not shown).
Discussion
We used a combination of genomic DNA sequencing and haplotype analysis in an effort to complete the genetic dissection of PSORS1. Our principal findings are: (1) haplotypes that belong to the same cluster are extremely similar; (2) the PSORS1 gene must reside in a 297.8-kb interval defined by a region of unbroken sequence homology between the HLA-B57-Cw6 and HLA-B50-Cw6 haplotypes; (3) only 98 of 5,545 polymorphisms in this interval have alleles specific to risk haplotypes, but many combinations of alleles at the remaining polymorphisms can specifically tag the risk haplotype; (4) HLA-C and CDSN are the only genes in the candidate interval that encode protein variations unique to risk among the 10 sequenced haplotypes; (5) analysis of recombinants mapping between HLA-C and CDSN implicates HLA-Cw6 rather than CDSN*TTC as the likely disease allele, and further analysis of these recombinants allows us to exclude the telomeric quarter of the 297.8-kb risk interval with high confidence; and (6) in our families, all HLA-Cw6 haplotypes and only HLACw6 haplotypes appear to carry risk for psoriasis.
To our knowledge, our study is the most extensive resequencing of the MHC class I region reported to date. We uncovered remarkable variation in nucleotide diversity among different haplotypes across the proximal class I region, particularly in the vicinity of HLA-B and HLA-C ( fig. 2) . Our results confirm and extend previous findings of high nucleotide diversity in this region. 24, 48 In contrast to sequences drawn from different haplotype clusters, sequences drawn from the same haplotype cluster are extremely similar (table 8) , which increases confidence that a single sequence can adequately represent the entire cluster.
We defined a 297.8-kb risk interval on the basis of extended sequence similarity between the HLA-Cw6-B57 and HLA-Cw6-B50 risk haplotypes ( fig. 2 ). That these haplotypes should resemble each other over such a long interval is not surprising, since they are clearly derived from a common ancestor who carried the risk determinant on extended MHC haplotype 57.1. However, the divergence between them in the risk interval (0.25 variations per kb) is much greater than the divergence of any two sequences drawn from the same haplotype cluster (0.0088-0.034 variations per kb) (table 8), which suggests that the PSORS1 determinant is relatively old.
We identified extensive stretches of low nucleotide divergence between the risk haplotypes and the nonrisk haplotypes HLA-Cw7-B8, HLA-Cw8-B65, and HLACw12-B38 ( fig. 2 ), in agreement with analysis of microsatellite haplotype clusters 14 (table 11) . Indeed, the similarity between HLA-Cw8-B65 and HLA-Cw6 risk haplotypes falsely reinforced our confidence that this haplotype was risk conferring.
14 In retrospect, it is apparent that recurrence of long haplotype stretches is not a rare event. The long stretches of homologous haplotypes among sequenced chromosomes probably reflect the combined effects of natural selection on the MHC and a relatively low meiotic recombination rate across this region. 12 Our haplotype analysis found a recombination fraction of for a 1.2-Mb interval env p 0.004 compassing the proximal half of the MHC class I region, which is one-third the predicted genomewide rate.
Regions of sequence similarity between risk and nonrisk haplotypes allowed us to eliminate most individual sequence variants as PSORS1 candidates. Sequencing of other common nonrisk haplotypes (e.g., clusters 11, 68, 22, 57, 29, and 5 in table 11) could allow further reduction of the number of variants unique to risk haplotypes. However, the number of unique combinations of polymorphisms would still be enormous, which is why we restricted our combinatorial analysis to spliced transcripts of known genes as the most likely candidates.
As summarized in table 9, our analysis of PSORS1 candidate genes is the most comprehensive to date. We found that 7 of the 11 known genes in the risk interval-HCG27, PSORS1C3, OTF3, TCF19, HCR, STG, and HCG22-are unlikely candidates because, for each gene, the spliced transcript of at least one common nonrisk haplotype is identical in sequence to that of the risk haplotypes. We are the first to study the association of HCG22 and HCG27 with psoriasis. Others have found TCF19 and STG to be unassociated, 49, 50 and PSORS1C3 was found to be more weakly associated with psoriasis than was HLA-Cw*0602. 51 The WWCC protein allele of HCR has been reported to be strongly associated with psoriasis, [52] [53] [54] and HCR is expressed differently in psoriatic skin 55 and in transgenic mice carrying the HCR* WWCC risk allele. 56 However, none of these studies could differentiate the genetic association of HCR* WWCC with disease from that of HLA-Cw6, which are carried together on nearly all risk haplotypes in the sampled populations. Indeed, we 57 and others 58 found the association of HCR to be weaker than that of HLA-C, as would be predicted by our current sequence analysis. Although one study found OTF3 to be unassociated with psoriasis in a Chinese population, 59 another study found that an allele of a HindIII polymorphism in OTF3 was more strongly associated with psoriasis in a Spanish population than was HLA-Cw*0602 itself. 60 Our data definitely do not support this OTF3 allele as a PSORS1 candidate, because the HindIII risk allele (1321T) is found on both splice variants of at least three common nonrisk haplotypes. Furthermore, its location in the 3 UTR of the gene lessens the likelihood that it has functional consequences.
SPR1 and SEEK1 have mRNA alleles unique to risk among the 10 haplotypes we sequenced, but these do not affect protein sequence, so there are no protein alleles for these genes unique to risk haplotypes. SPR1 was found to be associated with psoriasis in two other studies. 61, 62 The first study reported significant associations for two mRNA haplotypes carrying the same four pairwise combinations of alleles that we find to be unique to risk; the second study detected association even though analysis was restricted to single SNPs, none of which included the critical 3 UTR 673GrC SNP common to all combinations that uniquely tag the risk haplotype in our analysis. Neither study could demonstrate an SPR1 association independent of association with HLA-Cw6. Conflicting results have been reported for SEEK1. A study of Chinese psoriatics 63 could find no association with SEEK1 polymorphisms, considered either individually or as haplotypes, but a study of Swedish psoriatics 62 did find a HLA-Cw*0602-independent association with two SNP alleles (Ϫ94A and Ϫ100C) that constitute one of the combinations we found to be unique among our sequenced haplotypes. However, the P values for HLA-Cw*0602-independent association of SEEK1 obtained in that study would not have been sig-nificant if corrected for multiple testing, and the positive association reported for SNP Ϫ100C in that study is actually for the allele not carried on HLA-Cw6 haplotypes and hence does not comprise the combination that we found to be unique to risk. Among our sequenced haplotypes, this allele is found only on those carrying HLA-Cw*1203, which are definitely nonrisk in our families. Moreover, these two SEEK1 polymorphisms lie outside the 224-kb reduced risk interval determined by recombinant haplotype mapping ( fig. 5 ). On the basis of these considerations, we conclude that variation at SEEK1 does not adequately explain the risk of psoriasis conferred by PSORS1.
HLA-C and CDSN are the only candidates with predicted protein alleles unique to risk among the 10 sequenced haplotypes. We genotyped our full family sample for the risk alleles of these two genes that were identified by our sequence analysis and other studies. Of the 15 groups of HLA-C alleles distinguishable by our typing assay (table 10), 9 occur in our families, and only HLA-Cw6 is positively associated with psoriasis. Of the 12 alleles typed for CDSN, 3 are positively associated.
Because we could not demonstrate significant differences in the degree of risk conferred by the three alleles, we lumped them into a single risk allele, CDSN*TTC, named for the smallest combination of polymorphism alleles distinguishing it from nonrisk variants. Association for both HLA-Cw6 and CDSN*TTC is very strong (172% transmission; PDT ) and highly signif-- (table 10) .
Ϫ23
P ! 6 # 10 CDSN is an excellent functional candidate for PSORS1, since it is a secreted protein that mediates homophilic adhesion between terminally differentiated keratinocytes. Its degradation by serine proteases results in their desquamation from the stratum corneum. 64 Psoriasis is characterized by a markedly defective stratum corneum, with immature corneocytes and large increases in transepidermal water loss. 65 Moreover, CDSN is expressed and secreted into the extracellular space in the upper spinous layers of lesional psoriatic skin, whereas this does not occur until keratinocytes reach the granular layer in normal and nonlesional psoriatic skin. 66 Many groups have studied the association of CDSN with psoriasis. Several groups-three from Japan [67] [68] [69] and one each from Spain, 60 China, 59 and Finland 52 -could find no association between CDSN and psoriasis. These negative studies, however, all suffer from one or more factors that reduced their power to detect association, including small sample size, lack of haplotyping, and incomplete description of allelic variation. In contrast, many other studies have detected positive association of psoriasis and CDSN. Many of these studies offer no compelling evidence that differentiates the association of psoriasis with CDSN from its association with risk alleles of other genes in strong LD with CDSN, especially HLA-Cw6 and HCR*WWCC. 44, 53, [68] [69] [70] [71] Others present evidence that the observed association between CDSN and psoriasis is at least partially independent of that seen for HLA-C. 46, [72] [73] [74] [75] [76] Yet others argue that both HLA-C and CDSN are necessary for disease. 15, 47 Finally, a recently published study 77 localized PSORS1 to a haplotype block containing HLA-C but not HCR or CDSN.
In light of the conflicting evidence for the role of CDSN versus HLA-C in psoriasis, we designed a study that addresses many of the shortcomings of previous work. We recruited a sample larger than any published to date and used families rather than cases and controls, to guard against spurious associations and to allow for more accurate haplotype reconstruction. We required that the proband of each family have early-onset (type I) psoriasis, which increases the probability of MHC involvement. 10 We rigorously typed HLA-C, using a novel approach that distinguishes HLA-Cw6 alleles from all other 186 known alleles of the gene, even in the absence of external phase information from a family or population. In addition to the three SNPs constituting the CDSN*TTC variant, we typed CDSN for four other protein-altering polymorphisms involved in combinations distinguishing the CDSN of risk haplotypes among our 10 sequenced chromosomes, as well as for two variants causing CDSN protein changes among different HLA-Cw6-bearing haplotypes. Finally, we haplotyped CDSN and HLA-C with 14 intervening and 20 flanking microsatellite markers, greatly reducing the chances of identifying false recombinants that are simply the result of typing or phasing errors.
Our single-gene association analysis favors HLA-Cw6 over CDSN*TTC because of its somewhat higher levels of LD with psoriasis (table 10), but the difference is not statistically significant. Among haplotype clusters common enough to have power for association testing, the four that are positively associated with psoriasis carry the risk alleles for both genes (table 11) . We then identified recombinants between the two risk alleles, which are infrequent (2.6% haplotype frequency) in our families and hence require a large sample for meaningful analysis. Using simulation methods to establish an appropriate correction for multiple testing, we are able to exclude CDSN*TTC as the PSORS1 risk allele with high confidence (table 12) . By grouping haplotypes on the basis of their breakpoints, we are also able to exclude the telomeric 25% of the risk interval, extending from M6S190 to M6S224 (fig. 5) .
We restricted our analysis of candidate genes to those known to be translated or transcribed. The original 300-kb candidate interval also contains four pseudogenes (WASF5P, RPL32P, USP8P, and POLR2LP) and one computer-predicted locus (LOC442199). Of these, only WASF5P and USP8P have sequences unique to the risk among the 10 sequenced haplotypes (data not shown).
Although both of these pseudogenes map within 20 kb of HLA-C, their lack of expression makes them poor candidates for PSORS1. We can also exclude a transcribed fragment of an endogenous retroviral dUTPase advanced elsewhere as a candidate for PSORS1 78 (data not shown).
All demonstrable risk haplotypes in our families carry HLA-Cw6, and all HLA-Cw6 haplotypes, even the rare ones when considered in aggregate, appear to impart risk for psoriasis. Conversely, all demonstrable nonrisk haplotypes lack HLA-Cw6. The same cannot be said for any protein allele of any other gene in the candidate region or for any spliced mRNA allele of any gene other than SPR1 and SEEK1. Because PSORS1 probably lies within the 158-kb interval of conserved risk sequence between HLA-B and PSORS1C3 that is common to our reduced candidate interval and the HLA-Cw6-B45 risk haplotype ( fig. 5 ), we can also exclude the risk-associated mRNA alleles of SPR1 and SEEK1 as candidates. Given these results, HLA-Cw6 is clearly the best candidate for PSORS1. Nevertheless, we cannot rule out intronic variations in known genes of the reduced candidate interval that influence transcription, mRNA processing, or longrange chromatin structure. We also cannot rule out regulatory variations flanking known genes or undiscovered genes or regulatory RNAs in this remaining interval. Ongoing international collaborative studies involving thousands of additional subjects should allow these remaining questions to be addressed through further detailed analysis of informative recombinants.
Although Orrù et al. identified the HLA-Cw7-B58 haplotype as risk-conferring, 46 and this haplotype does carry a segment homologous to the ancestral HLA-Cw6-B57 risk haplotype ( fig. 5 ), the few individuals carrying this haplotype in our sample provide no support for this conclusion ( ). Moreover, figure 5 demon-T:NT p 4:7 strates that the region of overlap between this haplotype and the reduced risk interval established by the present study is not carried by the HLA-Cw6-B45-bearing "double recombinant" putative risk haplotype also known as "cluster D." 15, 47 Interestingly, an allele of the MICA gene that is in strong LD with the HLA-Cw7-B58 haplotype 79 has recently been associated with psoriatic arthritis. 80 Consistent with this finding, 60% (6 of 10) of the evaluable psoriatics in our sample who carried HLA-Cw7-B58 had joint complaints, as opposed to 28.5% (285 of 1,001) of evaluable psoriatics not carrying this haplotype. Orrù et al. 46 did not mention how many of the psoriatics in their sample were affected with arthritis. Clearly, it will be important to stratify any future analysis of this haplotype for the presence or absence of joint disease.
Our studies do not exclude the possibility that allelic heterogeneity in psoriasis involves the closely related HLA-B and HLA-C genes. Indeed, the HLA-Cw1-B46 haplotype, which is essentially specific to East Asian populations 81 and is not present in our sample, has been associated with psoriasis in several studies. [82] [83] [84] [85] [86] Also, in addition to HLA-Cw6, HLA-B38 and HLA-B39 have been associated with psoriatic arthritis in multiple studies. [87] [88] [89] [90] [91] However, further studies will be required to determine whether these additional disease-associated HLA-B and/or HLA-C alleles play causal roles or reflect LD with a nearby causal gene.
Our genetic findings in support of HLA-Cw6 as a major disease allele at PSORS1 are congruent with current concepts of psoriasis immunopathogenesis. Whereas the most prominent clinical features of psoriasis are epidermal hyperplasia and increased cutaneous blood flow, multiple lines of evidence indicate that these changes are triggered and maintained by infiltrating immunocytes. Psoriasis has been triggered or cured by bone-marrow transplantation, depending on whether the donor or the host was psoriatic, and T cell-specific immunosuppressants such as cyclosporine A and FK506 exert dramatic therapeutic effects. 4, 92 Studies of T cell receptor (TCR) rearrangements have documented the presence of oligoclonal T cell expansions in multiple psoriatic lesions of the same subject, which persist after improvement followed by relapse (references in the work of Lin et al. 93 ). These oligoclonal proliferations involve CD8 ϩ as well as CD4 ϩ T cells. 94 HLA-Cw6 seems well suited for a role in this process, since HLA-C presents peptide antigens to CD8 ϩ T cells, and CD8 ϩ T cells comprise at least 80% of the T cells in lesional psoriatic epidermis. 5 HLA-C also regulates the activity of natural killer cells by interacting with killer immunoglobulinlike receptors (KIR). 95 Interestingly, variation in KIR genes has been associated with psoriasis 96, 97 and psoriatic arthritis. 98, 99 In aggregate, these data strongly suggest that HLACw6 is the major disease allele at the PSORS1 locus that confers early-onset disease in white populations. Future genetic studies of this locus should focus on large collaborative collections of subjects so that more critical recombinants can be identified to further reduce the PSORS1 candidate interval. The polymorphisms we have identified here will be very useful for this task. Also, additional sequenced haplotypes can be applied to candidate-locus analysis, further decreasing the number of polymorphisms and combinations of polymorphisms unique to risk. Now that the extreme similarity of unrelated examples of the same haplotype has been demonstrated (table 8) and the risk status of most common HLA-C-B haplotypes is known (table 11), these sequences no longer need to be cloned in an allele-specific fashion from psoriasis-affected families as we have done but can be derived from homozygous HLA typing cell lines identified on the basis of their HLA-C-B haplotypes. 24 Future functional studies of PSORS1 should be directed toward elucidating the role of HLA-Cw6 in the immunopathogenesis of psoriasis.
